Introduction {#s1}
============

Ultrafine particles (UFP) are hypothesized to have adverse health effects due to their small size, their large active surface areas, and their ability to penetrate into the alveoli and to translocate in the systemic circulation ([@c23]). Toxicological studies have provided early evidence that UFP might have higher toxicity per mass unit than larger particles ([@c23]). However, epidemiological evidence on the association between UFP exposure and cardiovascular effects remains inconclusive and insufficient to infer a causal relationship despite an increasing number of studies over the past decade ([@c23]; [@c39]; [@c49]).

The paucity of consistent findings across epidemiological studies may be in part due to the different size ranges and exposure metrics examined to characterize ambient UFP exposure ([@c2]; [@c23]; [@c39]). Conventionally, UFP are defined as particles $\leq 100\text{ \ nm}$ in diameter, which consist of both primary particles ($30–100\text{ \ nm}$) emitted directly from vehicle exhaust (Aitken mode) and newly formed secondary particles ($< 30\text{ \ nm}$) from mostly nucleation processes (nucleation mode) ([@c8]; [@c37]). Particle number concentration (PNC) is assumed to be dominated by particles $\leq 100\text{ \ nm}$, which could comprise more than 75% of total PNC ([@c16]; [@c26]). Thus, two-thirds of recent studies investigated UFP exposure using PNC within the size range up to $3,000\text{ \ nm}$ ([@c39]). However, recent studies have reported that exposure to particles in the accumulation mode ($100–800\text{ \ nm}$) could also be associated with daily cardiovascular mortality ([@c24]; [@c36]), morbidity ([@c1]; [@c6]; [@c48]), and subclinical outcomes ([@c11]; [@c22]; [@c54]). Moreover, UFP metrics other than PNC have been rarely applied in epidemiological studies to assess the health effects of UFP exposure. Alternative physical attributes of UFP, especially particle surface area concentration (PSC), may be more biologically effective in determining the pulmonary toxicity such as inflammatory potential or oxidative stress ([@c51]; [@c55]). Previous epidemiological studies have found that PSC and particle length concentration (PLC) were more closely associated with daily mortality and inflammatory blood markers than PNC ([@c24]; [@c50]). Thus, to improve the investigation of UFP-related health effects and to determine whether other particle metrics besides particulate matter (PM) with an aerodynamic diameter $2.5\;\mu m$ ${PM}_{2.5}$ impact public health, there is an urgent need to explore alternative metrics and different size ranges, including particles $> 100\text{ \ nm}$ ([@c2]; [@c39]).

A major challenge of determining an association between UFP exposure and health outcomes is relying on just a single monitor site to assess UFP exposure, which has high spatial and temporal variability. Despite the high spatial variability, moderately good temporal correlations between UFP number concentrations at multiple locations in some cities might be sufficient to support epidemiological studies on the short-term effects of UFP on health ([@c23]). Another challenge is to differentiate its health effects from effects associated with other copollutants. The few studies that adjusted for copollutants generally found attenuated effect estimates for UFP after adjustment for PM with an aerodynamic diameter of $\leq 10\;\mu m$ (${PM}_{10}$), (${PM}_{2.5}$), or nitrogen dioxide (${NO}_{2}$) ([@c23]; [@c39]). Because traffic emission is a major source of UFP in urban areas ([@c37]), it is of particular importance to assess whether UFP exert health effects independent of copollutants in the traffic pollutant mixture.

Acute myocardial infarction (MI) is a major cause of death from cardiovascular disease, which can be triggered by environmental factors such as PM ([@c12]; [@c40]). The evidence on the association between short-term exposure to UFP and MI is relatively scarce and inconsistent. Using daily average PNC as the exposure metric, some studies have reported a null association ([@c3]; [@c15]), whereas some have observed a positive, albeit imprecise \[i.e., wide confidence interval (CI)\], association ([@c18]; [@c33]; [@c56]) and others have found positive associations among fatal cases $< 75\text{ \ years}$ of age ([@c31]), recurrent cases ([@c61]), and out-of-hospital cardiac arrest ([@c48]). In addition, due to the limited monitoring of UFP, most of the previous epidemiological studies focused on a daily timescale, whereas only a small body of work has revealed a potential association of MI with exposure to PM or, more generally, traffic within a few hours ([@c4]; [@c40], [@c43]).

In this study, we aimed to assess the association between the hourly onset of nonfatal MI and exposure to UFP using different particle metrics, including PNC, PLC, and PSC, in Augsburg, Germany. We conducted a time-stratified case-crossover analysis using data from a validated, complete, and detailed MI registry from 2005 to 2015. We also evaluated the independence of UFP effects by adjusting for copollutants and conducted subgroup analyses to identify potentially susceptible subpopulations.

Methods {#s2}
=======

Study Population {#s2.1}
----------------

As part of the WHO MONICA (Monitoring Trends and Determinants in Cardiovascular Disease) project, the population-based Augsburg MI registry was founded in 1984 ([@c35]). Since 1996, it has been continued as part of the KORA (Cooperative Health Research in the Augsburg Region) research program. The study area includes the city of Augsburg and the two adjacent rural counties of Augsburg and Aichach-Friedberg. The registry has been continuously recording all cases of nonfatal MI in eight hospitals in the study area and coronary deaths occurring among residents 25--74 years of age (about 400,000 inhabitants). From 2009 on, patients with MI and 75--84 years of age have also been enrolled in the registry. Over the whole study period, we used a consistent MONICA definition for MI diagnosis ([@c62]). Within the MONICA-defined MI events, additional nonST segment elevation MI (NSTEMI) cases were categorized since 2000 if symptomatic patients had elevated troponin concentrations and no typical electrocardiographic changes ([@c35]). Following the MONICA protocol, MI patients who survived at least 24 h after hospitalization were interviewed about the event, demographic information, comorbidities, medication, and family history. Clinical history of diabetes mellitus and hypertension were obtained from patient interview and chart review during the hospital stay ([@c29]). If a patient survived the 28th day after hospital admission, the MI was identified as nonfatal, otherwise as fatal. Patients who were registered for the first time and did not have a history of previous MI events were defined as incident events, whereas those having a readmission at least 28 d after the first MI were defined as recurrent events. For a nonfatal event, the hour of onset was defined as the time of the onset of chest pain that lasted at least 20 min or the time of the severest symptoms, with further validation from the patients' medical record ([@c43]). The present study included all nonfatal MI cases for patients 25--74 years of age between 2005 and 2015. More details of the Augsburg MI registry have been described elsewhere ([@c30]; [@c35]). This study was approved by the ethics committee of the Bavarian Chamber of Physicians and performed in accordance with the Declaration of Helsinki.

Air Pollution and Meteorological Data {#s2.2}
-------------------------------------

Hourly averages of PNC, PLC, PSC, ${PM}_{10}$, ${PM}_{2.5}$, and black carbon (BC) were obtained from a single aerosol monitoring station located $1\;{km}$ southeast of the city center and considered as representative for the urban background in Augsburg ([@c14]). This measurement station was established in fall 2004 by Helmholtz Zentrum München in cooperation with the University of Augsburg, and it has been designed for the collection of numerous physical and chemical aerosol parameters, which are generally not routinely measured at monitoring sites operated by the official network ([@c20], [@c19]; [@c45], [@c46]; [@c50]; [@c53]). Size-fractionated PNCs between 3 and $800\text{ \ nm}$ (mobility diameter) were measured with a Twin Differential Mobility Particle Sizer (TDMPS) system ([@c5]). Because there are substantial diffusion losses of particles $< 10\text{ \ nm}$ in the mobility particle size spectrometers ([@c59]; [@c65]), we excluded the size range $3–10\text{ \ nm}$ from our analysis. To explore the health effects of different particle sizes, we investigated the following particle size fractions, including $10–30\text{ \ nm}$ (reflecting nucleation mode), $30–100\text{ \ nm}$ (reflecting Aitken mode), $10–100\text{ \ nm}$ (reflecting the usually defined range of UFP), and $100–500\text{ \ nm}$ (reflecting accumulation mode). We did not investigate the size range of $500–800\text{ \ nm}$ because most (99.8%) of PNC was in the size range of $10–500\text{ \ nm}$ (see Figure S1).

To explore the representativeness of using a central monitoring site to reflect the temporal fluctuations in PNC measurement, we compared the hourly total PNC measured in the central site with those from an intensive sampling campaign in the Augsburg region between March 2014 and April 2015 ([@c44]; [@c60]). A total of 20 sampling sites were selected based on the spatial variation of air pollution and included a mixture of urban traffic (6), urban background (5), regional traffic (4), regional background (4), and industry area (1) monitoring sites (see Figure S3). For each site, PNC was measured for three periods of 2 weeks in the warm, cold, and one intermediate (spring or fall) season. Total PNC ($7–1,000\text{ \ nm}$) were measured by three GRIMM ultrafine particle counters (model EDM 465 UFPC; GRIMM aerosol) and a NANOSCAN SMPS Nanoparticle Sizer (Nanoscan, model 3910; TSI) ([@c60]).

As the total length of an imaginary chain of particles, PLC between 10 and $1,000\text{ \ nm}$ in aerodynamic diameter (or $10–800\text{ \ nm}$ in mobility equivalent diameter) was measured by an electrical aerosol detector (EAD, model 3070A; TSI). The total active (Fuchs) surface of particles, PSC, in the size range of $10–1,000\text{ \ nm}$ in aerodynamic diameter was measured by a Diffusion Charging Particle Sensor (DCPS, model LQ1; Matter Aerosol AG). The upper cut point for PLC and PSC size range ($1,000\text{ \ nm}$ in aerodynamic diameter or $800\text{ \ nm}$ in mobility diameter) was the same as that for the total PNC. Thus, PLC and PSC were considered to represent physical attributes of particles within the ultrafine and quasi-ultrafine range. Because of a DCPS equipment malfunction after 30 April 2012 (see Figure S2), PSC measurements from 1 January 2005 to 30 April 2012 were used in this study. ${PM}_{2.5}$ and ${PM}_{10}$ were measured by two independent tapered element oscillating microbalances (TEOM, model 1400ab; Thermo Fisher Scientific) equipped with the Filter Dynamics Measurement System (FDMS, model 8500b; Thermo Fisher Scientific). BC was measured with an Aethalometer (model series 8,100; Thermo Fisher Scientific). A detailed description of measurement methods can be found elsewhere ([@c19]; [@c45]).

Hourly averages of nitrogen dioxide (${NO}_{2}$), ozone ($O_{3}$), and meteorological parameters were collected separately from a single urban background monitoring site operated by the Bavarian Environment Agency (LfU, Bayerisches Landesamt für Umwelt) in the city of Augsburg. The meteorological variables (air temperature and relative humidity) and $O_{3}$ concentrations were obtained from the official urban background monitoring site located on the premises of the LfU, approximately $4\;{km}$ south of the city center. Hourly averages of ${NO}_{2}$ were obtained from another official urban background monitoring site at Bourgesplatz, which is located approximately $1.5\;{km}$ north of the city center.

Statistical Analysis {#s2.3}
--------------------

We applied a time-stratified case-crossover design to estimate the association between hourly particle metrics and MI cases. The case-crossover design is a type of self-matched case--control study in which each individual serves as his or her own control ([@c27]). For each individual, air pollution exposure in the case period (i.e., the hour of MI onset) was compared with exposures in a series of control periods within a fixed time strata that were not associated with the event of interest ([@c4]). In this study, we used calendar month as the fixed time strata and selected the same hour in the same day of the week within the same time strata (i.e., calendar month) as the control periods, including periods both before and after the event. This approach thus controls for long-term time trends, seasonality, day of the week, intra-day variation, and confounders that do not vary within a month, such as time-invariant individual-level characteristics (e.g., occupation, socioeconomic status, and preexisting cardiovascular disease).

We used a conditional logistic regression model to compare particle exposure on case and control hours. We investigated particle exposure at both single-hour lags from the same hour up to 6 h preceding the onset time (lag0--lag6) and moving average lags for the period 1--6, 7--12, 13--18, 19--24, and 25--72 h ([@c4]). To facilitate comparison with findings from daily time-series studies, we also explored moving averages of 1--24, 1--48, and 1--72 h before the onset of MI. We further adjusted for potential time-varying confounders by using natural cubic splines with 4 degrees of freedom (df) for air temperature and relative humidity at lag 1--72 h ([@c32]). Based on the literature examining the effects of short-term exposure to particles on MI ([@c4]; [@c40]; [@c63]), we used a linear term for each of the particle metrics in the single-pollutant model. To evaluate the potential confounding of copollutants, we explored two-pollutant models using pairs among the particle metrics ($\text{PNC}_{10–100}$, $\text{PNC}_{100–500}$, PLC, PSC, ${PM}_{2.5}$, and ${PM}_{10}$). We also investigated whether the estimates for particle metrics were independent of gaseous pollutants (${NO}_{2}$ and $O_{3}$) and BC. In two-pollutant models, we excluded pairs of pollutants that were highly correlated with a $\text{Spearman\  \ correlation\  \ coefficient\  }\left( r \right) > 0.75$. We checked the multicollinearity of the remaining pairs by calculating variance inflation factor (VIF) for each pollutant ([@c17]). A cut off value of 3 for VIF was used to avoid multicollinearity ([@c58]). The exclusion of highly correlated pollutants in two-pollutant models may also help ease the concern of overadjustment for particle metrics highly correlated with other metrics, as is usually the case when examining the effects of a specific ${PM}_{2.5}$ constituent after adjusting for ${PM}_{2.5}$ mass ([@c38]).

To identify potential susceptible subgroups, we performed stratified analyses for different groups: sex (male and female), age groups (25- to 64- and 65- to 74-y-olds), living alone, history of diabetes mellitus, history of hypertension, education level \[low (primary school), medium (high school), and high (university)\], smoking status (smoker, ex-smoker, and nonsmoker), and obesity ($\text{body\  \ mass\  \ index} > 30{\,{kg}/m}^{2}$). We further stratified the nonfatal MI cases by admission type (incident and recurrent events) and infarction type \[ST segment elevation MI (STEMI) and NSTEMI\]; we did not examine patients with bundle branch blocks due to the small sample size. Moreover, we assessed effect modification by high ($> 75\text{th\  \ percentile}$) or low ($\leq 75\text{th\  \ percentile}$) levels of hourly temperature and copollutants. The 75th percentile was chosen based on a previous study ([@c24]) that had yielded comparable sample sizes (hence similar width of CI) at high and low levels of copollutants. The statistical significance of effect modification was tested by calculating the 95% CI of the difference between effect estimates within each subgroup or effect modifier ([@c10]; [@c64]). Odds ratios estimated from logistic regression are presented as percent differences (95% CI) in hourly MI cases per interquartile range (IQR) increase in the respective air pollutant.

We conducted several sensitivity analyses to assess the robustness of our results: *a*) we increased the population age limit from 74 y to 84 y by including additional patients 75--84 years of age from 2009 to 2015 (1,377 MI cases); *b*) we used an alternative 5-d average lag for temperature as reported in a previous analysis ([@c62]); *c*) we used two temperature terms to account for both the current temperature and lagged temperature (1--24 h, 1--48 h, or 1--72 h), as well as the concurrent temperature with the same lag as particle metrics and lagged temperature at the previous 2--3 d (25--72 h); *d*) we redefined the control periods by changing the fixed time strata from calendar month to a recurring 3-week period (e.g., first to third week of the year) to assess the influence of time strata ([@c28]); *e*) we redefined the high and low levels of copollutants and air temperature, using the 50th percentile as the cut off value in the effect modification analyses; and *f*) we explored the exposure--response relationships between particle metrics and MI by applying a natural cubic spline with 4 df to the pollutant term (rather than a linear term). Akaike information criteria (AIC) values were used to compare the model fits between model with this nonlinear pollutant term and the main model with a linear pollutant term.

Results {#s3}
=======

Descriptive Statistics {#s3.1}
----------------------

A total of 5,898 nonfatal MIs were recorded between 2005 and 2015 in Augsburg ([Table 1](#t1){ref-type="table"}). Most of these cases were incident events (82.9%). For infarction type, STEMI and NSTEMI events accounted for 39.6% and 51.7%, respectively. The remaining 8.7% included bundle branch blocks and cases with missing information. Patients with MI were predominantly male, and more than half of them were $\geq 60\text{ \ years}$ of age. A larger proportion of cases were patients not living alone, without diabetes or obesity, having hypertension, and with low education level.

###### 

Characteristics of survivors of myocardial infarction (MI) in Augsburg, Germany, from 2005 to 2015 ($n = 5,898$).

Table 1 has two columns, namely, characteristics and n percent.

  Characteristic                              $n$ (%)
  ------------------------------------------- --------------
  Male                                        4,495 (76.2)
  Female                                      1,403 (23.8)
  Age (y)                                     
   25--59                                     2,424 (41.1)
   60--74                                     3,474 (58.9)
   Missing                                    0 (0)
  Admission type                              
   Incident MI                                4,890 (82.9)
   Recurrent MI                               1,006 (17.1)
   Missing                                    2 (0.0)
  Infarction type                             
   STEMI                                      2,333 (39.6)
   NSTEMI                                     3,048 (51.7)
   Bundle branch blocks                       368 (6.2)
   Missing                                    149 (2.5)
  Living alone                                
   Yes                                        1,107 (18.8)
   No                                         4,543 (77.0)
   Missing                                    248 (4.2)
  History of disease                          
   Diabetes                                   1,797 (30.5)
   Hypertension                               4,528 (76.8)
  Education level                             
   Low (primary school)                       3,460 (58.7)
   Medium (high school)                       1,060 (18.0)
   High (university)                          629 (10.7)
   Missing                                    749 (12.6)
  Obesity ($\text{BMI} > 30{\,{kg}/m}^{2}$)   
   Yes                                        1,615 (27.4)
   No                                         3,975 (67.4)
   Missing                                    308 (5.2)
  Smoking status                              
   Smoker                                     2,208 (37.4)
   Ex-smoker                                  1,845 (31.3)
   Nonsmoker                                  1,519 (25.8)
   Missing                                    326 (5.5)

Note: BMI, body mass index; NSTEMI, non-ST segment elevation MI; STEMI, ST segment elevation MI.

During the study period, the mean number concentration of hourly exposure to UFP ($\text{PNC}_{10–100}$) was $8,387{\text{ \ particles}/{cm}}^{3}$, with slightly larger contribution from the Aitken mode ($\text{PNC}_{30–100}$, $4,561{\text{ \ particles}/{cm}}^{3}$) than that from the nucleation mode ($\text{PNC}_{10–30}$, $3,825.4{\text{ \ particles}/{cm}}^{3}$) ([Table 2](#t2){ref-type="table"}). Mean levels of hourly PLC, PSC, ${PM}_{2.5}$, ${PM}_{10}$, ${NO}_{2}$, $O_{3}$, BC, air temperature, and relative humidity were $0.6{\,{mm}/{cm}}^{3}$, $42.9{\,\mu m}^{2}{/{cm}}^{3}$, $15.0{\,\mu g/m}^{3}$, $19.2{\,\mu g/m}^{3}$, $31.7{\,\mu g/m}^{3}$, $44.6{\,\mu g/m}^{3}$, $1.8{\,\mu g/m}^{3}$, 10.0°C, and 75.6%, respectively. There was 9.4% of PSC measurements missing, which was mainly due to the DCPS equipment malfunction during 29 May 2015 and 23 November 2015 (accounting for 6.7% of missing PSC data) (see Figure S2). Compared with 20 sampling sites throughout the study region, the hourly PNC measured at the central site showed high correlations with urban background $\left( r \right) = 0.80$, urban traffic ($r = 0.75$), and industry area ($r = 0.77$) sites and moderate correlations with regional background ($r = 0.61$) and regional traffic ($r = 0.63$) sites (see Table S6).

###### 

Summary statistics for hourly air pollutants and meteorology in Augsburg, Germany, from 2005 to 2015 (data on 96,408 consecutive hours).

Table 2 has nine columns listing the following: variable, missing percent, mean plus or minus SD, minimum, P25, P50, P75, max, and IQR as PNC.

  Variable                                                           Missing (%)   $\text{Mean} \pm \text{SD}$   Min        P25     P50     P75      Max         IQR
  ------------------------------------------------------------------ ------------- ----------------------------- ---------- ------- ------- -------- ----------- -------
  PNC (${\text{particles}/{cm}}^{3}$)                                                                                                                            
   $\text{PNC}_{10–30}$                                              4.6           $3,825 \pm 5,455$             0          1,689   2,828   4,733    934,944     3,044
   $\text{PNC}_{30–100}$                                             4.6           $4,561 \pm 4,553$             0          2,036   3,320   5,643    291,464     3,607
   $\text{PNC}_{10–100}$                                             4.6           $8,387 \pm 8,721$             0          3,911   6,333   10,440   1,009,751   6,528
   $\text{PNC}_{100–500}$                                            4.8           $1,666 \pm 1,363$             0          811     1,301   2,074    33,335      1,263
  PLC (${{mm}/{cm}}^{3}$)                                            6.1           $0.6 \pm 0.4$                 0          0.3     0.5     0.7      7.3         0.4
  PSC (${\mu m}^{2}{/{cm}}^{3}$)[^*a*^](#TF3){ref-type="table-fn"}   9.4           $42.9 \pm 32.7$               0.3        21.5    34.1    53.4     416.4       31.9
  ${PM}_{2.5}$ (${\mu g/m}^{3}$)                                     0.4           $15.0 \pm 13.0$               0          6.4     11.6    19.6     156.4       13.2
  ${PM}_{10}$ (${\mu g/m}^{3}$)                                      0.4           $19.2 \pm 14.8$               0          9.3     15.9    25.1     386.5       15.8
  ${NO}_{2}$ (${\mu g/m}^{3}$)                                       0.6           $31.7 \pm 18.2$               1.0        18.5    28.0    41.0     189.0       22.5
  $O_{3}$ (${\mu g/m}^{3}$)                                          0.6           $44.6 \pm 33$                 0          16.0    42.5    66.0     196.0       50.0
  BC (${\mu g/m}^{3}$)                                               8.4           $1.8 \pm 1.5$                 0.2        1.0     1.4     2.2      25.0        1.2
  Air temperature (°C)                                               0.1           $10.0 \pm 9.1$                $- 24.1$   3.0     9.7     16.1     41.1        13.1
  Relative humidity (%)                                              0.3           $75.6 \pm 18.9$               17.8       62.4    82.0    91.5     99.9        29.1

Note: BC, black carbon; IQR, interquartile range; ${NO}_{2}$, nitrogen dioxide; $O_{3}$, ozone; PLC, particle length concentration; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter below $2.5\;\mu m$; ${PM}_{10}$, particulate matter with an aerodynamic diameter below $10\;\mu m$; PNC, particle number concentration; $\text{PNC}_{10–30}$, PNC of particles with $10–30\text{ \ nm}$ mobility diameter; $\text{PNC}_{30–100}$, PNC of particles with $30–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{10–100}$, PNC of particles with $10–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{100–500}$, PNC of particles with $100–500\text{ \ nm}$ mobility diameter; PSC, particle surface concentration; SD, standard deviation.

For PSC, data on 64,248 consecutive hours during 1 January 2005--30 April 2012 were used.

Overall, hourly PNC within different size fractions were highly positively correlated, except for $\text{PNC}_{100–500}$ with moderate correlations with $\text{PNC}_{10–30}$ and $\text{PNC}_{10–100}$ ([Table 3](#t3){ref-type="table"}). Exposure to UFP ($\text{PNC}_{10–100}$) was highly positively correlated with PLC, moderately positively correlated with PSC, ${PM}_{2.5}$, ${PM}_{10}$, ${NO}_{2}$, and BC, moderately negatively correlated with $O_{3}$, and weakly correlated with air temperature and relative humidity. High correlations were observed for $\text{PNC}_{100–500}$ with PLC, PSC, ${PM}_{2.5}$, ${PM}_{10}$, and BC. PLC, PSC, and BC were also highly correlated. No or weak correlations were present between particle metrics and meteorological variables. Pairs of pollutants with high correlations ($r > 0.75$) were excluded from the two-pollutant analyses (e.g., PLC-PSC, $\text{PLC-PNC}_{10–100}$, $\text{PLC-PNC}_{100–500}$, and PSC-${PM}_{2.5}$).

###### 

Spearman correlation coefficients between hourly particle metrics and air pollutants in Augsburg, Germany, from 2005 to 2015.

Table 3 has thirteen columns. The first column lists the variables. The adjacent columns list PNC subscript 10 to 100, PNC subscript 10 to 30, PNC subscript 30 to 100, PNC subscript 100 to 500, PLC, PSC, PM subscript 2.5, PM subscript 10, N O subscript 2, O subscript 3, and BC, and air temperature.

                                          $\text{PNC}_{10–100}$   $\text{PNC}_{10–30}$   $\text{PNC}_{30–100}$   $\text{PNC}_{100–500}$   PLC        PSC[^*a*^](#TF5){ref-type="table-fn"}   ${PM}_{2.5}$   ${PM}_{10}$   ${NO}_{2}$   $O_{3}$    BC         Air Temperature
  --------------------------------------- ----------------------- ---------------------- ----------------------- ------------------------ ---------- --------------------------------------- -------------- ------------- ------------ ---------- ---------- -----------------
  $\text{PNC}_{10–30}$                    0.93                    1                                                                                                                                                                                          
  $\text{PNC}_{30–100}$                   0.94                    0.76                   1                                                                                                                                                                   
  $\text{PNC}_{100–500}$                  0.67                    0.46                   0.78                    1                                                                                                                                           
  PLC                                     0.77                    0.61                   0.82                    0.83                     1                                                                                                                  
  PSC[^*a*^](#TF5){ref-type="table-fn"}   0.67                    0.50                   0.75                    0.85                     0.92       1                                                                                                       
  ${PM}_{2.5}$                            0.39                    0.25                   0.47                    0.76                     0.68       0.78                                    1                                                               
  ${PM}_{10}$                             0.42                    0.29                   0.50                    0.77                     0.70       0.77                                    0.92           1                                                
  ${NO}_{2}$                              0.67                    0.58                   0.67                    0.68                     0.71       0.70                                    0.56           0.57          1                                  
  $O_{3}$                                 $- 0.36$                $- 0.27$               $- 0.40$                $- 0.45$                 $- 0.41$   $- 0.49$                                $- 0.39$       $- 0.32$      $- 0.49$     1                     
  BC                                      0.58                    0.45                   0.65                    0.81                     0.77       0.82                                    0.75           0.75          0.74         $- 0.62$   1          
  Air temperature                         $- 0.13$                $- 0.11$               $- 0.13$                $- 0.19$                 $- 0.18$   $- 0.32$                                $- 0.31$       $- 0.14$      $- 0.24$     0.55       $- 0.24$   1
  Relative humidity                       0.04                    $- 0.02$               0.08                    0.11                     0.08       0.14                                    0.14           0             0.13         $- 0.66$   0.26       $- 0.55$

Note: BC, black carbon; ${NO}_{2}$, nitrogen dioxide; $O_{3}$, ozone; PLC, particle length concentration; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter below $2.5\;\mu m$; ${PM}_{10}$, particulate matter with an aerodynamic diameter below $10\;\mu m$; PNC, particle number concentration; $\text{PNC}_{10–30}$, PNC of particles with $10–30\text{ \ nm}$ mobility diameter; $\text{PNC}_{30–100}$, PNC of particles with $30–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{10–100}$, PNC of particles with $10–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{100–500}$, PNC of particles with $100–500\text{ \ nm}$ mobility diameter; PSC, particle surface concentration.

For PSC, measurements during 1 January 2005--30 April 2012 were used.

Hourly Association between Particle Metrics and MI {#s3.2}
--------------------------------------------------

[Figure 1](#f1){ref-type="fig"} shows the estimated associations between hourly exposure to particle metrics and nonfatal MI in single-pollutant models (see Table S1 for numeric data). Effect estimates of particle metrics were mostly positive within 12 h and then decreased to be null or negative at longer lag hours (13--72 h). Overall patterns of associations across particle number, length, and surface area metrics were similar and comparable to those of particle mass metrics, showing transient positive associations with nonfatal MI in the first 6--12 h. An IQR increase in $\text{PNC}_{30–100}$, $\text{PNC}_{10–100}$ (UFP), PLC, and PSC at lag6 h were associated with an increased MI risk of 3.02% (95% CI: 0.36, 5.75), 3.27% (95% CI: 0.27, 6.37), 5.71% (95% CI: 1.79, 9.77), and 5.84% (95% CI: 1.04, 10.87), respectively. We also found positive, albeit imprecise, associations of MI with exposure to $\text{PNC}_{10–30}$, $\text{PNC}_{100–500}$, and ${PM}_{2.5}$ at lag6 h. The association between ${PM}_{2.5}$ and MI were strongest at lag7--12 h, leading to an increased 4.18% (95% CI: 0.28, 8.23) of MI cases. For all size fractions of PNC, no increased risks of MI were found for daily average exposures (1--24, 1--48, and 1--72 h).

![Percent difference (95% CI) in hourly cases of myocardial infarction (MI) per interquartile range (IQR) increase in particle metrics in Augsburg, Germany from 2005 to 2015. A time-stratified case-crossover design with a conditional logistic model was used to derive the estimates while adjusting for natural splines of air temperature and relative humidity at lag 1--72 h (each with 4 degrees of freedom). Short-term associations were estimated at single-hour lags (lag0--lag6) and for moving averages (lag1--6, lag7--12, lag13--18, lag19--24, lag25--72, lag1--24, lag1--48, and lag1--72). Corresponding numeric data are provided in Table S1. For PSC, measurements during 1 January 2005--30 April 2012 were used. Note: PLC, particle length concentration; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter $< 2.5\;\mu m$; ${PM}_{10}$, particulate matter with an aerodynamic diameter $< 10\;\mu m$. PNC, particle number concentration; $\text{PNC}_{10–30}$, PNC of particles with $10–30\text{ \ nm}$ mobility diameter; $\text{PNC}_{30–100}$, PNC of particles with $30–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{10–100}$, PNC of particles with $10–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{100–500}$, PNC of particles with $100–500\text{ \ nm}$ mobility diameter; PSC, particle surface concentration.](ehp-128-017003-g001){#f1}

In the two-pollutant models, exposure to $\text{PNC}_{10–100}$ and $\text{PNC}_{100–500}$ at lag 6 remained positively associated with hourly onset of MI, although effect estimates slightly decreased and became less precise ([Figure 2](#f2){ref-type="fig"}; see also Table S2 for numeric data). Effect estimates for PLC and PSC remained similar when adjusted for ${PM}_{2.5}$, ${PM}_{10}$, ${NO}_{2}$, and $O_{3}$. For example, after adjustment for ${PM}_{2.5}$, an IQR increase in PLC at lag6 h was associated with an increased MI risk of 5.61% (95% CI: 0.72, 10.75). The hourly association between PSC and MI persisted after adjustment for UFP ($\text{PNC}_{10–100}$) at lag5 or adjustment for ${NO}_{2}$ at lag6. The VIFs were $< 3$ in all two-pollutant models (see Table S3), indicating limited evidence of multicollinearity. Although strong associations were observed for BC in the first 18 h \[e.g., 4.06% (95% CI: 0.98, 7.24) increase in MI events per IQR increase in BC at lag hour 6\], its effect estimates decreased and became less precise after adjustment for $\text{PNC}_{10–100}$ (see Figure S4). No clear associations were observed between ${NO}_{2}$ and MI in either single or two-pollutant models (see Figure S5).

![Percent difference (95% CI) in hourly cases of myocardial infarction (MI) per interquartile range (IQR) increase in particle metrics with additional adjustment for copollutants in Augsburg, Germany from 2005 to 2015. A time-stratified case-crossover design with a conditional logistic model was used to derive the estimates while adjusting for natural splines of air temperature and relative humidity at lag 1--72 h (each with 4 degrees of freedom). Short-term hourly associations (lag4, lag5, lag6, lag1--6, and lag7--12) were estimated in two-pollutant models. Corresponding numeric data are provided in Table S2. For PSC, measurements during 1 January 2005--30 April 2012 were used. Note: BC, black carbon; CI, confidence interval; ${NO}_{2}$, nitrogen dioxide; $O_{3}$, ozone; PLC, particle length concentration; ${PM}_{2.5}$, particulate matter with an aerodynamic diameter $< 2.5\;\mu m$; ${PM}_{10}$, particulate matter with an aerodynamic diameter $< 10\;\mu m$; PNC, particle number concentration; $\text{PNC}_{10–30}$, PNC of particles with $10–30\text{ \ nm}$ mobility diameter; $\text{PNC}_{30–100}$, PNC of particles with $30–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{10–100}$, PNC of particles with $10–100\text{ \ nm}$ mobility diameter; $\text{PNC}_{100–500}$, PNC of particles with $100–500\text{ \ nm}$ mobility diameter; PSC, particle surface concentration.](ehp-128-017003-g002){#f2}

We found no evidence of effect modification by copollutants or air temperature (see Figure S6). Effect estimates for UFP ($\text{PNC}_{10–100}$), $\text{PNC}_{100–500}$, PLC, and PSC at lag 6 h remained similar at different levels of ${PM}_{2.5}$, ${PM}_{10}$, ${NO}_{2}$, and BC but were generally larger at low levels ($\leq 75\text{th\  \ percentile}$) of $O_{3}$ and air temperature.

Subgroup Analysis {#s3.3}
-----------------

In subgroup analysis, we found no evidence of effect modification by individual characteristics or subtypes of MI (see Table S4). There was a consistent pattern of larger and significant risks for $\text{PNC}_{10–100}$, $\text{PNC}_{100–500}$, PLC, PSC, and ${PM}_{2.5}$ among male, nondiabetic people, and patients with hypertension. Effect estimates for PLC and PSC were also stronger and more precise for the elderly, patients with their first MI (incident), and those with NSTEMI events. However, there were no significant differences when comparing effect estimates between different subgroups (e.g., male vs. female).

Sensitivity Analysis {#s3.4}
--------------------

Our findings were fairly robust with regard to *a*) including additional patients 75--84 years of age; *b*) extending the temperature lag period to 5 d; *c*) using both current/concurrent temperature and lagged temperature; *d*) applying shorter strata (3 weeks) for selecting control cases (see Table S5); and *e*) using an alternative cut off value (50th percentile) to define the high and low levels of copollutants and air temperature (see Figure S7). The exposure--response curves for associations between hourly onset of MI and all particle metrics were essentially linear (see Figure S8).

Discussion {#s4}
==========

In this registry-based time-stratified case-crossover study, we found that elevated concentrations of particle number ($10–100\text{ \ nm}$), length, and surface area concentrations were associated with the onset of MI within 6--12 h afterward. These transient risk estimates decreased at longer lag hours, leading to a null association of MI cases with any particle metrics for a 72-h or longer period after exposure. We found evidence of positive associations for exposure to PNC within the Aitken ($30–100\text{ \ nm}$), nucleation ($10–30\text{ \ nm}$), and accumulation ($100–500\text{ \ nm}$) modes, although effect estimates were less precise for the nucleation and accumulation modes. Similar pattern of associations was found across particle metrics, whereas risk estimates for PLC and PSC were larger than for PNC within the ultrafine range ($10–100\text{ \ nm}$) and remained similar after adjustment for PM and gaseous pollutants. We found no evidence of significant effect modification by individual characteristics, copollutants, or air temperature.

Our study revealed a transient increase in the risk of MI after 6 h of exposure to PNC within the ultrafine range. Only a small number of epidemiological studies have evaluated the associations of MI with hourly exposure to UFP (using PNC as surrogate) and the results were quite mixed ([@c15]; [@c18]; [@c33]; [@c48]). Some studies reported positive but insignificant hourly associations for PNC within both ultrafine and accumulation mode ranges ([@c18]; [@c48]), whereas others found no association for total PNC (size up to $> 1,000\text{ \ nm}$) ([@c15]; [@c33]; [@c42]). Similarly, previous daily time-series studies have found that $\text{PNC} < 500\text{ \ nm}$ generally had the strongest effects on cardiovascular mortality ([@c24]; [@c36]). Several panel studies also showed that hourly effects of PNC on circulating biomarkers, respiratory inflammation, and autonomic dysfunction would decrease with increasing particle size, with the strongest effects occurring for particles $< 100\text{ \ nm}$ ([@c22]; [@c47]; [@c54]) or $< 400\text{ \ nm}$ ([@c11]) in size. Comparison of short-term studies on UFP health effects is complicated by the fact that most studies only use a single monitor that might have good characterization for temporal variations of UFP exposure in some (e.g., Augsburg), but not all, cities ([@c23]). Differences in the hourly health effects of different size-fractionated PNC may be in part due to different emission sources. In Augsburg, particles within the ultrafine ranges ($10–100\text{ \ nm}$) are mainly from traffic emissions, whereas larger particles are strongly associated with stationary combustion ($100–500\text{ \ nm}$), secondary aerosols ($500–1,000\text{ \ nm}$), long-range transported dust ($1,000–2,500\text{ \ nm}$), or resuspended dust ($2,500–10,000\text{ \ nm}$) ([@c19]). Source apportionment studies in other cities have also consistently identified traffic emission as the major source of PNC ([@c8]; [@c57]). When using exposure to traffic (e.g., cars, buses, or motorcycles) as an alternative estimate of UPF exposure, our previous study conducted in Augsburg during 1999--2001 also found an increased risk of MI 1 h after being in traffic ([@c43]).

We found that PLC and PSC metrics tended to have a larger and more precise effect estimates than PNC in both single- and two-pollutant models ([Figure 2](#f2){ref-type="fig"}). This is in line with findings from a previous panel study in Augsburg showing stronger positive associations with inflammatory blood biomarkers for PLC and PSC than for PNC ([@c50]). Given that PLC was highly correlated ($r > 0.75$) with PNC and PSC, we were not able to disentangle its independent effects. PSC was moderately correlated with PNC ($r = 0.67$), and its effect estimate on MI at lag 5 h remained similar after adjustment for $\text{PNC}_{10–100}$ ([Figure 2](#f2){ref-type="fig"}). A recent daily time-series study from the Ruhr Area, Germany, found similar effects for lung-deposited PSC and $\text{PNC}_{50–500}$ on cardiovascular mortality, albeit a strong correlation ($r > 0.7$) between PSC and $\text{PNC}_{50–500}$ ([@c24]). Toxicological studies also suggested that PSC might be more biologically relevant than number or mass metrics for nanoparticle toxicology in the lung ([@c51]; [@c52]). This may be because the particle surface is where components of UFP interact directly with bodily fluids and tissue ([@c52]). Greater surface area may increase the surface reactivity and therefore the oxidative stress in pro-inflammatory effects ([@c25]). Given the high correlation between PLC and PSC and their similar effect estimates, it is likely that PLC and PSC might capture the same underlying properties of UFP ([@c50]).

A major barrier in understanding the health effects of UFP lies in the independence of its effects within the ambient pollution mixture ([@c2]). In most previous epidemiological studies, adjustment for ${NO}_{2}$ generally largely attenuated the effect estimates of PNC because both pollutants originate from similar sources, such as traffic emissions, and feature similar spatial-temporal distributions ([@c39]). Our results indicated effects of PLC and PSC remained similar when additionally adjusting for ${PM}_{2.5}$, ${PM}_{10}$, ${NO}_{2}$, or $O_{3}$ ([Figure 2](#f2){ref-type="fig"}). Thus, PSC and PLC might reflect the independent adverse health effects of particle properties better than PNC.

We found that a few hours of exposure to UFP (i.e., 6 h for $\text{PNC}_{10–100}$ and PLC, and 3--6 h for PSC) could result in increased risks of nonfatal MI events ([Figure 1](#f1){ref-type="fig"}). It is biologically plausible that very short-term exposure to UFP may trigger the onset of MI. A few hours of exposure to UFP may activate neural reflexes in the respiratory tract, provoke imbalance of the autonomic nervous system, and initiate cardiac arrhythmias ([@c9]). Recent panel studies have reported associations between UFP and decreased heart rate variability within hours ([@c7]; [@c47]; [@c54]) or even minutes ([@c21]; [@c41]) of increased exposure. Moreover, short-term exposure to UFP may result in systemic oxidative stress and inflammation, thus leading to impaired vascular function and thrombosis ([@c9]). In a controlled human exposure study, 1-h postexposure to ultrafine concentrated ambient particles ($< 300\text{ \ nm}$) was associated with increased urinary 8-hydroxydeoxyguanosine, a systemic oxidative stress biomarker, and lasted $< 21\; h$ ([@c34]). A panel study of healthy young adults in Shanghai, China, reported significant associations between 2 h of exposure to $\text{PNC}_{250–400}$ and increases in circulating biomarkers of inflammation, such as intercellular adhesion molecule-1 and P-selectin; these associations were mostly restricted to the first 12--24 h ([@c11]). Another panel study of cardiac patients in Rochester, New York, observed positive associations between UFP exposure in the previous 12 h and increased levels of fibrinogen ([@c13]).

To the best of our knowledge, this is the first epidemiological study to investigate the effect of UFP and MI using particle number, length, and surface area concentrations at an hourly temporal resolution. A major strength of this study is the validated, complete, and detailed registration of all nonfatal MI cases by the MONICA/KORA MI registry. The time of MI onset was validated against the medical records, instead of using patient self-reported time upon arrival of hospital admission or time of receiving the emergency call ([@c18]; [@c48]). Other strengths include the characterization of UFP exposure with novel metrics and size-fractionated number concentrations, the adjustment for key copollutants in the traffic pollutant mixture, and the time-stratified cased-crossover design that controls for long-term time trends, seasonality, day of the week effect, and time-invariant individual-level confounders.

Our study also has some limitations. First, exposure measurement error is inevitable given that we only used one fixed urban background monitoring site for each air pollutant. This poses a particular challenge of exposure assessment for UFP due to its higher spatial variability within cities ([@c23]). However, a previous study reported high temporal correlations of PNC at four background sites across Augsburg ([@c14]). A further analysis using 20 sampling sites throughout the Augsburg region during 2014--2015 also showed moderate-to-high temporal correlations of hourly PNC measurements with the central site used in this study, suggesting that using one single background monitoring site might be adequate to characterize the temporal variability of short-term exposure to PNC in this area. Because there were no additional monitoring sites measuring particle length and surface area concentrations in Augsburg, the assumption that the temporal fluctuations in PLC and PSC measured at a central site monitor are reflective throughout the city warrants further investigation. Second, although we adjusted for copollutants in two-pollutant models, we cannot rule out the possibility of residual confounding by other traffic-related pollutants that may have complex spatiotemporal variations in the city or other unmeasured temporal variables such as noise. Third, we are unable to differentiate the health effects of PLC, PSC, and BC because of their high correlations. Fourth, we examined only the nonfatal MIs because the hour of onset information was not available for fatal events. Thus, our findings may not be applicable to fatal events, albeit no significant differences in UFP effects were observed between fatal and nonfatal MIs at the daily timescale ([@c61]). Finally, our results are confined to a single location in Germany and may not be applicable to other cities and other countries with different emission sources as well as different demographic and socioeconomic conditions. Further studies from other locations with similar study designs are warranted to confirm our findings.

In conclusion, exposure to PNC within the ultrafine size range ($10–100\text{ \ nm}$), PLC, and PSC were associated with an increased risk of nonfatal MI in the first 6--12 h in Augsburg during 2005--2015. The effects of PLC and PSC were stronger than the ones of PNC and remained similar after adjustment for PM or gaseous pollutants. These exploratory findings suggest that UFP or potentially other related exposures could trigger the onset of nonfatal MI at a sub-daily timescale and particle length and surface area concentrations might serve as alternative exposure metrics in epidemiological studies examining the health effects of UFP.
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